A rapid surface-enhanced Raman scattering (SERS) method for Pb 2+ detection has been developed based on L-cysteine-modified Ag-coated Au nanoparticles with core-shell nanostructure. Specifically, L-cysteine-functionalized Au@Ag core-shell probes bearing Raman-labeling molecules (4-ATP) are used to detect Pb 2+ upon the formation of nanoparticle aggregates. The proposed SERS-based method shows a linear range between 5 pM and 10 nM, with an unprecedented limit of detection (LOD) of 1 pM for Pb 2+ ; this LOD shows the method to be a few orders of magnitude more sensitive than the typical colorimetric approach that is based on the aggregation of noble metal nanoparticles. Real water samples diluted with pure water have been successfully analyzed. This SERS-based assay may provide a general and simple approach for the detection of other metal ions of interest, and so could have wide-ranging applications in many areas.
Introduction
Some metal ions are essential for normal physical activities of humans, whereas others may be harmful to health [1] . Pb 2+ , accumulated strongly in the food chain, is one of the most toxic heavy metal ions and it poses a significant risk to human health, potentially causing heart failure, abdominal pain, high blood pressure, and cancer, even after a minute exposure [2] [3] [4] . According to the Environment Protection Agency (EPA) guidelines, Pb 2+ concentrations must not exceed 50 µg L −1 in drinking water [5] .
Conventional analytical techniques applied to detect Pb 2+ sensitively and selectively are based on atomic absorption spectrometry (AAS) [6, 7] , inductively coupled plasma mass spectrometry (ICP-MS) [8] , X-ray fluorescence spectrometry (XRF) [9] , and chromatography [10] . These methods have demonstrated good sensitivity, but some of them involve a pre-treatment step and are thus rather time-consuming. To overcome these disadvantages, different sensors have been used for Pb 2+ detection, based on DNAzyme [11] , fluorophores [12] , oligonucleotides [13] , and nanomaterials [14] . However, these methods are complex and unstable, with delayed responses to Pb 2+ .
Recently, surface-enhanced Raman scattering (SERS) has shown significant superiority in terms of non-invasiveness for trace and ultra-trace detection in food analysis and bioassays [15, 16] . Noble/precious metal nanoparticles have typically been deployed as SERS substrates, such as nanospheres [17] , nanostars [18] , nanorods [19] , and nanopillars [20] . In order to improve the applicability of SERS, a great deal of effort has been made to increase the enhancement factor. Previous reports have indicated that the metallic nanoparticles are usually coated with a dielectric nanolayer for SERS enhancement. The LSPR (localized surface plasmon resonance) features will be altered by the dielectric layer, which will have a different dielectric constant from the surrounding medium.
In the present study, we have constructed a platform of Ag-coated Au nanoparticles (Au@Ag core-shell) for the ultrasensitive detection of Pb 2+ utilizing the excellent sensitivity of SERS. Au@Ag NPs that were functionalized with L-cysteine were prepared. In the presence of the target metal ions of Pb 2+ , these will be coordinated by the glycine residues of the L-cysteine moieties on the surface of the Ag-coated nanoparticles. This coordination results in the formation of a so-called "inner complex salt", a type of coordination compound that is electrically neutral and highly stable, as illustrated in Scheme 1. In the Au@Ag bimetallic nanostructures, the Ag layer is mainly coated on the surface of the cores, which leads to a change in SERS activity. The Raman intensity increases linearly with the logarithmic concentration of Pb 2+ ranging from 5 × 10 −12 to 1 × 10 −8 M, with a detection limit of 1 × 10 −12 M. This method based on SERS for the detection of harmful substances in food has an obviously higher sensitivity when compared to ordinary colorimetric [10] , fluorescence [21] , and electrochemical methods [22] . Scheme 1. Schematic illustration of the detection of Pb 2+ based on the aggregation of Au@Ag nanoparticles.
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Materials
Trisodium citrate, sodium citrate, chloroauric acid (HAuCl4), silver nitrate (AgNO3), L-cysteine (L-cys), 4-aminothiophenol (4-ATP), and potassium thiocyanate (KSCN) were purchased from J&K Scientific Ltd. (Guangzhou, China). The metal ion standards used (Pb 2+ , Hg 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Cr 2+ , Ni 2+ , Co 2+ , As 2+ ) were purchased from the National Institute of Metrology P. R. C. (Beijing, China). All of these reagents were used without further treatment. All of the solutions were prepared with ultrapure water (18 MΩ, Milli-Q, Millipore, MA, USA).
Instruments
The size distributions of Au@Ag NPs were measured with a Zetasizer Nano ZS system (633 nm laser, Malvern Instruments, Malvern, UK). Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2100 instrument (Tokyo, Japan) operating at an acceleration voltage of 200 kV. Raman spectra were obtained from a liquid cell using a LabRam-HR800 micro-Raman spectrometer (Jobin Yvon, Paris, France) with Lab-spec 5.0 software and an air-cooled He-Ne laser Scheme 1. Schematic illustration of the detection of Pb 2+ based on the aggregation of Au@Ag nanoparticles.
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Instruments
The size distributions of Au@Ag NPs were measured with a Zetasizer Nano ZS system (633 nm laser, Malvern Instruments, Malvern, UK). Transmission electron microscopy (TEM) images were obtained on a JEOL JEM-2100 instrument (Tokyo, Japan) operating at an acceleration voltage of 200 kV. Raman spectra were obtained from a liquid cell using a LabRam-HR800 micro-Raman spectrometer (Jobin Yvon, Paris, France) with Lab-spec 5.0 software and an air-cooled He-Ne laser with a power of 8 mW for 532.8 nm excitation, using a 50× objective lens. All spectra presented herein were acquired through a 50 s accumulation.
Synthesis of Au@Ag NPs
Au@Ag NPs were synthesized according to a previously published seed-mediated growth method [23] . Specifically, they were prepared through a two-step reduction method that involved the synthesis of 10 nm Au cores and the subsequent growth of 15 nm Ag shells. Au NPs with a diameter of 10 nm were synthesized by reduction of HAuCl 4 using trisodium citrate. Briefly, an aqueous solution of HAuCl 4 (0.25 mM, 100 mL) was brought to a reflux while vigorous stirring, and then trisodium citrate solution (1% w/w, freshly prepared; 2.0 mL) was added quickly to the boiling mixture. After reacting for three minutes, the color of the solution changed from blue to wine-red. After keeping the solution under reflux for a further 15-30 min, the heat source was removed to allow the reaction solution to cool to room temperature. The 10 nm Au NPs were thereby obtained. An aliquot (200 µL) of the above AuNP colloid was then mixed with AgNO 3 (3 mM, 20 µL) and ascorbic acid (0.1 M, 10 µL) under magnetic stirring. AgNO 3 was reduced by ascorbic acid and the resultant Ag continuously grew on the surfaces of the Au seeds. After the wine-red solution turned orange, it was continuously stirred for a further 30 min to obtain an Au@Ag NPs colloid. Finally, this Au@Ag NPs colloid was twice concentrated to dryness by centrifuging at 6950 g for 15 min, and the solid was re-suspended with 10 mL ultrapure water. The Au@Ag NPs were stored in a refrigerator at 4 • C prior to use.
Synthesis of Au@Ag NPs Probes
Au@Ag NP probes were synthesized directly by an Ag-S bond-forming method. Firstly, freshly prepared L-cysteine solution (6 µL) was added to 4 nM Au@Ag NPs aqueous suspension (100 µL) for 3 h to give a final concentration of 60 nM. A solution of the Raman label 4-aminothiophenol in ethanol (freshly prepared) with a final concentration of 2 µM was then added to the system under stirring. The mixture was allowed to react for 12 h at room temperature to afford Au@Ag NP conjugates, which served as probes in subsequent experiments.
SERS Assay for Pb 2+ Detection
The SERS detection of Pb 2+ in aqueous solution was performed at room temperature. Briefly, aliquots (10 µL) of aqueous Pb 2+ solutions of various concentrations were added to portions (100 µL) of an aqueous suspension of Au@Ag NPs probes and were diluted to 200 µL with ultrapure water. After standing for 30 min, the products were placed with a cuvette and characterized by Raman spectroscopy. The spectral response range of the Raman spectrometer was 400-1800 cm −1 . Each experiment was performed in triplicate.
Specificity Analysis
The specificity of our SERS probe was evaluated by determining another eight relevant metal ions, namely Hg 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Cr 2+ , Ni 2+ , Co 2+ , and As 2+ . Solutions of these metal ions at 100 ng mL −1 (containing 1 µM KSCN) and 1 ng mL −1 Pb 2+ (containing 1 µM KSCN) were added to 100 µL portions of the Au@Ag NPs suspension. The other procedures of the specific experiments were the same as those for Pb 2+ detection. Each experiment was performed in triplicate.
Recovery of Pb 2+ Spiked in Drink Water Samples
To verify the feasibility and practicability of this method, drinking water was purchased from a local supermarket in Hunan. It was confirmed to test negative for Pb 2+ . In the spiked experiments, 10 µL Pb 2+ standard solution (1 nM and 10 nM) was added to 90 µL of the drink water sample (as the spiked final Pb 2+ concentration of 0.1 nM and 1 nM), respectively. Then, 100 µL of Au@Ag NPs probe was added into the spiked samples (100 µL) for reacting 30 min. After that, the reacted solution was placed with a cuvette (1 cm) and was characterized by Raman spectroscopy. The detected Pb 2+ concentration was calculated from the standard linear equation by the obtained ∆Raman Intensity at 1582 cm −1 with various spiked concentration, which was used for the calculation of the recovery to verify the practical detection performance of the SERS sensor.
Results
Detection Rationale
Scheme 1 depicts the detection rationale of the present approach for ultrasensitive SERS detection of Pb 2+ based on Au@Ag NPs. The designed SERS sensor relies on the Raman intensity at 1582 cm −1 increasing linearly with increasing Pb 2+ concentration. After preparing Au@Ag NPs as described above, L-cys and 4-ATP were appended on their surfaces through Ag-S bonds. L-Cys provides a -COOH group and an -NH 2 group to chelate heavy metal ions [24, 25] . Thus, L-Cys can capture added Pb 2+ in aqueous solution, resulting in the aggregation of the Au@Ag NPs, leading to Raman "hot spots" with markedly enhanced SERS signals. The degree of aggregation of the Au@Ag NPs is strongly dependent on the concentration of Pb 2+ .
Establishment of the SERS-Based Aptasensor for Pb 2+ Detection
The size distribution and morphology of the nanocomposites were examined by means of transmission electron microscopy (TEM) and dynamic light scattering (DLS). As shown in Figure 1A , the newly prepared Au@Ag NPs showed an average hydrodynamic diameter of about 25.5 nm. The DLS diameter of AuNPs is slightly larger than the dimensions that were obtained by TEM, which is consistent with previous published papers [26, 27] . The hydrodynamic diameter of the Au@Ag NPs probe was larger than that of the Au@Ag NPs ( Figure 1B) . Moreover, no aggregation was evident ( Figure 1E ), demonstrating that our Au@Ag NP probes had been successfully synthesized. Following the addition of Pb 2+ (1 nM), the Au@Ag NPs probes would be aggregated due to chelation of the analyte by the surface-bound L-Cys groups ( Figure 1F) . Indeed, the average hydrodynamic diameter of the Au@Ag NP probe aggregates in the presence of Pb 2+ showed a marked increase from 42.51 nm ( Figure 1B ) to 136.3 nm (Figure 1C ), supporting the proposed mechanism. The TEM images are consistent with the DLS data ( Figure 1D-F 
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The size distribution and morphology of the nanocomposites were examined by means of transmission electron microscopy (TEM) and dynamic light scattering (DLS). As shown in Figure 1A , the newly prepared Au@Ag NPs showed an average hydrodynamic diameter of about 25.5 nm. The DLS diameter of AuNPs is slightly larger than the dimensions that were obtained by TEM, which is consistent with previous published papers [26, 27] . The hydrodynamic diameter of the Au@Ag NPs probe was larger than that of the Au@Ag NPs ( Figure 1B) . Moreover, no aggregation was evident ( Figure 1E ), demonstrating that our Au@Ag NP probes had been successfully synthesized. Following the addition of Pb 2+ (1 nM), the Au@Ag NPs probes would be aggregated due to chelation of the analyte by the surface-bound L-Cys groups ( Figure 1F) . Indeed, the average hydrodynamic diameter of the Au@Ag NP probe aggregates in the presence of Pb 2+ showed a marked increase from 42.51 nm ( Figure 1B ) to 136.3 nm (Figure 1C ), supporting the proposed mechanism. The TEM images are consistent with the DLS data ( Figure 1D-F) . As summarized in Figure 2 , the LSPR bands of the Au NPs and Au@Ag core/shell NPs were different. The LSPR band of 13 nm Au NPs was located at around 520 nm, but was blue-shifted after coating with Ag shells. A new LSPR band attributable to the Ag shells appeared at around 391 nm, which steadily increased as the Ag shell thickness increased. To evaluate the stability of the developed method, the SERS activity was measured over 15 days ( Figure S1 ). The SERS activity of the probes was still maintained by >80% after 15 days. These results confirmed that the SERS probes proposed the satisfactory stability.
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As summarized in Figure 2 , the LSPR bands of the Au NPs and Au@Ag core/shell NPs were different. The LSPR band of 13 nm Au NPs was located at around 520 nm, but was blue-shifted after coating with Ag shells. A new LSPR band attributable to the Ag shells appeared at around 391 nm, which steadily increased as the Ag shell thickness increased. To evaluate the stability of the developed method, the SERS activity was measured over 15 days ( Figure S1 ). The SERS activity of the probes was still maintained by >80% after 15 days. These results confirmed that the SERS probes proposed the satisfactory stability. As shown in Figure 3 , the SERS reporter group 4-ATP exhibited two main Raman bands: (C-S) at 1075 cm −1 and (C-C) at 1582 cm −1 , as previously reported by Wang et al. [28] and Kim et al. [29] . In order to verify SERS enhancement with the Ag-coated Au NPs, the Raman spectra of 4-ATP under different conditions were measured. From Figure 3 , the absolute values of SERS intensities increased in the order AuNPs < Au@Ag NPs < AuNP aggregates < Au@Ag NP aggregates. The Raman signal of Au@Ag NP aggregates (CPb 2+ = 5 nM) was strikingly higher than that of the Au NP aggregates at 1582 cm −1 , demonstrating enhanced SERS activity through the local electric field enhancement of the Au-Ag bimetallic nanoshell [30] . The value of SERS analytical enhancement factors (AEF) of Au@AgNPs aggregation is 5.5-fold than that of aggregation AgNPs. To evaluate the interaction between surface-bound L-cysteine and Pb 2+ , the functionalized Au@Ag NP probes were mixed with different concentrations of Pb 2+ . As clearly shown in Figure 4A , the Raman intensity of the SERS probe at 1582 cm −1 was gradually increased with an increasing concentration of Pb 2+ from 5 pM to 10 nM, owing to the increase in "hot spots". This directly confirmed the chelation of Pb 2+ by surface-bound L-cys. Figure 4B shows a linear standard curve obtained by plotting the intensity of the 1582 cm −1 peak against the logarithm of the concentration of Pb 2+ in the range from 5 pM to 10 nM, which more clearly revealed the increase in SERS signal intensity. The standard curve showed a good linear relationship, with a correlation coefficient of 0.9988 and a limit of detection (LOD) of 1 pM for Pb 2+ ions. When compared with the conventional UV-Vis spectroscopy method, the sensitivity of this method increased by 3-4 orders of magnitude [31] .
To evaluate the interaction between surface-bound L-cysteine and Pb 2+ , the functionalized Au@Ag NP probes were mixed with different concentrations of Pb 2+ . As clearly shown in Figure 4A , the Raman intensity of the SERS probe at 1582 cm −1 was gradually increased with an increasing concentration of Pb 2+ from 5 pM to 10 nM, owing to the increase in "hot spots". This directly confirmed the chelation of Pb 2+ by surface-bound L-cys. Figure 4B shows a linear standard curve obtained by plotting the intensity of the 1582 cm −1 peak against the logarithm of the concentration of Pb 2+ in the range from 5 pM to 10 nM, which more clearly revealed the increase in SERS signal intensity. The standard curve showed a good linear relationship, with a correlation coefficient of 0.9988 and a limit of detection (LOD) of 1 pM for Pb 2+ ions. When compared with the conventional UV-Vis spectroscopy method, the sensitivity of this method increased by 3-4 orders of magnitude [31] . 
Selectivity of the SERS Probe for Pb 2+
The selectivity of this method was also quantified by testing the response of the functionalized Au@Ag NP probes to the presence of other potentially interfering metal ions, namely Hg 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Cr 2+ , Ni 2+ , Co 2+ , and As 2+ . According to the stability constant (lg βn) between the masking agent and the metal ions, we can choose the proper masking agent to improve the selectivity of the SERS sensor. Stability constant is equilibrium constant for the formation of a complex in solution [32] . It is a measure of the ability of the interaction between the masking agent and the metal ions to form the complex [33] . The lg βn of SCN − with Hg 2+ , Cu 2+ , Cd 2+ , Zn 2+ , Cr 2+ , Ni 2+ , Co 2+ , and Pb 2+ is 21.70, 12.11, 3.6, 2.00, 2.98, 1.81, 1.82, and 1.00, respectively [34] . Indeed, the stability constant of lg βn with Pb 2+ is as low as 1.00. It indicates the SCN -could form more stable coordination compounds with other metal ions than that of Pb 2+ , thereby other metal ions for combining SCN − cannot recognize L-cys appended on Au@Ag NPs surfaces in the detection system, which reduce the concentration of free other metal ions. Thus, we chose KSCN as a masking agent. Figure 5 clearly illustrates that the Raman intensity of 4-ATP at 1582 cm −1 was the strongest only when the SERS probe was incubated with Pb 2+ . The other ions induced insignificant changes in the Raman signal of 4-ATP at 1582 cm −1 . It is well known that the Raman intensity is closely linked with the aggregation level of functionalized Au@Ag NPs. Clearly, the tested metal ions (other than Pb 2+ ) did not induce remarkable SERS signal changes (in the presence of KSCN) in the detection system. When comparing with previous similar work [35, 36] , the SERS sensors have an excellent selectivity for Pb 2+ . 
Recovery of Pb 2+ Spiked in Water Samples
To evaluate the feasibility of applying the designed SERS-based sensor, recovery tests were performed at two spiking levels of Pb 2+ (0.1 and 1 nM). The recoveries of Pb 2+ were in the range 96.2%-103.5%. The relative standard deviations (RSD) were less than 0.47%-0.62% for the targets tested, as shown in Table 1 . Each extraction was performed in triplicate. The results confirmed that this ultrasensitive SERS detection method that was based on Au@Ag NPs could successfully be used as a screening tool for Pb 2+ residues in drinking water. 
Conclusions
In summary, we have successfully developed an ultrasensitive SERS detection method for Pb 2+ based on Au@Ag NP probes. The sensing strategy for Pb 2+ ions is based on the interaction between surface-bound L-cysteine and Pb 2+ . With this SERS sensor, highly sensitive and selective recognition of Pb 2+ in aqueous solution, with a detection limit of 1 pM, was accomplished. We believe that this SERS sensor may provide a potential method for Pb 2+ ion detection in food safety and other applications. 
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